INTRODUCTION
============

Aging is a multifactorial genetic phenomenon manifested by slow functional breakdown of tissues and organs due to deleterious changes in the cellular environment throughout life. Changes from exposure to toxins or other stress/risk factors cause cellular damage and after a certain threshold it leads to apoptosis. Thus in healthy human beings, apoptosis works as a sentinel mechanism to destroy damaged cells resulting from inflammation, heavy metals, and reactive oxygen species (ROS), thereby maintaining tissue homeostasis. However, excessive cellular damage and deregulated apoptosis has been linked to age-related pathologies and specifically neurodegenerative diseases \[[@R1]-[@R8]\]. TSPO expression is increased in aging people and in patients with Alzheimer's disease (AD) and has been implicated as a modulator of inflammation and apoptosis. This review will start by explaining some of the factors associated with cellular damage and their link to apoptosis and neurodegenerative diseases, and also illustrates the role of Translocator Protein (TSPO).

CELLULAR DAMAGE AND APOPTOSIS-AGING/AD
======================================

Cellular damage and apoptosis can be caused by several stress factors such as oxidative stress, inflammation, dietary factors and heavy metals, so having resistance to these can prevent damage and cell death, and can improve organ functionality resulting in an increased life span \[[@R6],[@R7],[@R9]\]. Oxidative stress is caused when reactive oxygen species (ROS) such as superoxide (O~2~^-^), hydrogen peroxide (H~2~O~2~) and hydroxyl (OH^-^) anions are generated excessively in the cell and are not removed by antioxidant enzymes. Mitochondria are major sources of ROS as they consume most of the available (O~2~) to produce adenosine triphosphate (ATP). Superoxide dismutases (SODs) convert O~2~^-^ into H~2~O~2~, and glutathione peroxidase (Gpx1) and peroxiredoxin (Prx) convert H~2~O~2~ into water (H~2~O) \[[@R10]\]. These ROS react with other cellular components such as membranes, enzymes, proteins, and deoxyribonucleic acid (DNA) leading to disruption of cellular homeostasis, and cell death. Enhanced cell death leads to organ failure, accelerates the aging process and ultimately affects the life span \[[@R7],[@R11]\]. Aged skeletal muscle volume loss can be attributed to apoptosis as it shows more apoptotic markers such as apoptotic protease activating factor-1 (Apaf-1), caspase 9 and 3 \[[@R12]\]. Extended life span is observed in several animal species that have less ROS compared to animals with more ROS. For example, rats, a species that has naturally high levels of ROS have shorter life spans than pigeons that have less ROS. Furthermore, the deletion of oxidative factors such as p66shc, which is involved in the conversion of O~2~to H~2~O~2~ in mouse embryonic fibroblasts (MEFs) and mouse models, increased resistance to oxidative stress, and prolonged cell survival and life span. The ROS induce mutations in DNA, and the correlations between mutations and aging, life span, and neurodegenerative diseases have been observed in several cell culture and animal studies. Studies on skeletal muscle of mice showed that 9-month-old mice that have mitochondrial DNA mutations exhibited increased apoptosis compared to normal mice \[[@R7]\]. Additionally, AD patients showed increased levels of 8-oxodeoxyguanine (8-oxodG), indicating possible oxidative damage, and its induced aberrant methylation might be a causative factor for disease progression \[[@R13],[@R14]\]. Oxidative stress can be reduced by restricting diet, which enhances stress resistance to ROS. This is corroborated in studies with Caenorhabditis elegans, Drosophila melanogaster, and mice, which all showed a correlation between restricted calorie intake and increased lifespan. Additionally, reduction of insulin/insulin-like growth factor-1 (IGF-1) signaling through knockdown of various genes such as daf-2 and age-1 increased cell resistance and life span in worms, flies and other animals \[[@R7]\].

Cell death is the major contributor for neurodegenerative diseases; however, this phenomenon appears in the late stages of disease. Cellular damage and cellular death can be results of acute exposure or earlier exposure to several kinds of toxins and other stress/risk factors. Some of the risk factors associated with AD are aging, oxidative stress, heavy metals (lead-Pb), vitamin B deficiency, dietary cholesterol, lack of exercise, head trauma, genetics (APOEε4 genotype), and inflammation \[[@R8],[@R13],[@R15],[@R16]\]. According to the LEARn model, early exposure to the above-mentioned factors can cause increase in AD-associated genes such as amyloid precursor protein (APP) and beta secretase/beta-site APP cleaving enzyme (BACE) through increased transcription by transcription factor specificity protein 1 (SP1). Amylod beta (Aβ) is produced from APP *via* the amyloidogenic pathway where it is cleaved by beta and gamma secretases. Increased transcription elevates the levels of Aβ, but it's not enough to manifest pathological symptoms at that time, and these changes are temporary as the levels returns to normal. However, the changes are maintained epigenetically and make the individuals more susceptible to AD development as they age and are exposed to other triggering factors such as oxidative stress and heavy metals. Studies on mice and Cyanomolgus monkeys with Pb exposure support the above phenomenon. The mice/monkeys that are exposed to Pb at early and later stages showed elevated Aβ compared to animals that are exposed only in later stages. As explained earlier, oxidative stress-induced DNA damage is one of the triggering factors for developing AD. For example, oxidative stress-induced 8-oxodG has been proposed to play a role in AD as it leads to the inhibition of methylation leading to elevated levels of AD genes APP, BACE and Aβ \[[@R9],[@R13],[@R15]\]. Elevated levels of 8-oxodG are observed in aging people and AD patients \[[@R13],[@R14]\], so inhibition of oxidative stress might be beneficial. Such inhibition is accomplished through antioxidants such as melatonin as its administration decreased oxidative stress and Aβ in different disease mouse models \[[@R15]\]. Aβ aggregate levels can also be elevated due to the lack of an efficient chaperone system (heat shock protein 70 - HSP70) that removes aggregated/misfolded proteins \[[@R17]\]. Another key factor is inflammation, which is also considered a risk factor for AD; inflammation can be developed as early as during gestation through exposure to toxins, and during different developmental stages, illness, or injury \[[@R18]\]. Elevated levels of cytokines and microglial activations are also observed in the AD patients, and the aging population also has elevated levels of pro-inflammatory factors, including pro-inflammatory cytokines, such as interleukin6 (IL6), and prolonged inflammation causes damage to neurons \[[@R18]-[@R20]\]. Vitamin B12/folate deficiency has been documented as one of the stress/risk factors for AD as well as it increases BACE levels, gamma-secretases and Aβ levels through demethylation which occurs when S-adenosylhomocysteine (SAM) levels are reduced. SAM is produced from methionine, which is produced from homocysteine (HCY) in the presence of vitamin B12 and folate \[[@R15]\]. These observations indicate that modification of lifestyle by increasing the antioxidant intake, exercise and avoiding exposure to heavy metals modify the aging and disease progression \[[@R9],[@R13],[@R15],[@R18],[@R19]\].

THE MECHANISM OF APOPTOSIS
==========================

Apoptosis is executed through two regulated pathways: extrinsic and intrinsic. The extrinsic pathway is mediated through transmembrane death receptors, tumor necrosis factor receptor 1 (TNFR1), death receptors 4 and 5 (DR4 and DR5), and Fas, which are activated by proapoptotic ligands, such as TNF, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL). These receptors activate caspases 3, 6, 7, and 8, which then initiate cell death \[[@R21]\]. The intrinsic pathway is carried out in mitochondria and involves the release of cytochrome c (Cyt c), leading to cell death \[[@R2]\]. Mitochondrial-mediated cell death can be increased due to aging \[[@R22]-[@R24]\], neurodegenerative diseases \[[@R22],[@R24],[@R25]\], DNA damage \[[@R26]\], or the presence of reactive oxygen species (ROS) \[[@R27]-[@R30]\]. Mitochondrial-mediated cell death is regulated through TSPO that releases Cyt c from mitochondria through the membrane permeability transition pore (mPTP) formation and cardiolipin (CL) oxidation \[[@R30],[@R31]\]. Cyt c forms an apoptosome upon binding with Apaf-1 and procaspase 9. The formation of the apoptosome complex is essential for cell death \[[@R1],[@R32]\]. Additionally, the cleaved caspase 9 molecules from this complex activate executioner caspases 3 and 7, which, in turn, deactivate cell survival mechanisms through inhibition and activation of different enzymes, ultimately leading to apoptosis (Fig. **[1](#F1){ref-type="fig"}**) \[[@R1]-[@R3],[@R32]-[@R37]\].

TSPO REGULATES APOPTOSIS
========================

TSPO, an 18 kDa translocator protein, is involved in calcium^2+^ (Ca^2+^) signaling cascades, steroidogenesis, and cell survival and death, thereby helping maintain homeostasis in the cell \[[@R30],[@R31],[@R38],[@R39]\]. TSPO is present in many different tissues and organs, including steroidogenic tissues, adrenal tissues, ovaries, testes, liver, kidney and brain \[[@R38],[@R40],[@R41]\]. TSPO is activated by high Ca^2+^ and ROS generation that occurs at an increased rate in the aging population and in people with AD. Activated TSPO mediates the formation of mPTPs, ROS generation, and CL oxidation, causing the release of Cyt c and, ultimately, cell death \[[@R23],[@R24],[@R29]-[@R31],[@R39],[@R42],[@R43]\]. TSPO is also involved in the synthesis of neurosteroids. TSPO ligands have been reported to increase neurosteroid synthesis and inhibit neurodegeneration, and have also shown improved behavioral symptoms in mice, including decreased anxiety and increased cognition. Decreased levels of some neurosteroids are observed in both AD patients and aging people \[[@R31],[@R39],[@R44]-[@R47]\].

TSPO-mPTP
=========

TSPO regulates the mPTP formation as well as its opening, and it is proposed that TSPO forms mPTP through interaction with the outer membrane voltage-dependent anion channels (VDACs), which transport anions, and the inner membrane channel ATP-ADP translocase (ANT)/ cyclophilin D (CypD). The ANT channel transports ADP-ATP, and CypD matrix proteins bind to ANT. mPTP permits the passage of not only calcium but also any other solute below the pore size, which under normal conditions is strictly mediated by specialized channels. This uncontrolled influx of solutes leads to breakage of the outer membrane and the release Cyt c due to inner membrane swelling (Fig. **[2](#F2){ref-type="fig"}**) \[[@R30],[@R31],[@R38],[@R39],[@R42],[@R48],[@R49]\].

TSPO-CARDIOLIPIN OXIDATION
==========================

TSPO oxidizes cardiolipin through ROS generation; oxidized lipid no longer binds to Cyt c, resulting in the release of Cyt c into the cytosol through pores formed by TSPO and VDAC (Fig. **[2](#F2){ref-type="fig"}**). Additionally, cardiolipin oxidation enhances the mPTP opening \[[@R23],[@R24],[@R29],[@R30],[@R43]\].

TSPO-NEUROSTEROIDOGENESIS
=========================

One function of TSPO is to transport cholesterol into mitochondria from the cytosol through the transduceosome. Cholesterol gets converted into pregnenolone and then into steroids once it exits the mitochondria. Peripheral-type benzodiazepine receptor-associated protein 7 (PAP7) signal transporter from the golgi apparatus initiates the steroidogenesis by binding to TSPO/VDAC, and by activating protein kinase A (PKA) to form homodimer PKARIα in the presence of excessive cAMP (cyclic adenosine monophosphate). PKARIα phosphorylates steroidogenic acute regulatory protein (StAR), which then delivers free cholesterol to the TSPO complex. StAR also mobilizes the TSPO-bound cholesterol for transport into the mitochondria \[[@R39],[@R50]-[@R53]\]. Neurosteroids can exhibit neuroprotective effects and inhibit cell death by several mechanisms such as inhibition of Ca^2+^ elevation and Cyt c release (Fig. **[2](#F2){ref-type="fig"}**) \[[@R31],[@R38],[@R39],[@R44]-[@R46]\]. Additionally, neurosteroids can inhibit the neuroinflammation through inhibiting the release of proinflammatory factors such as cytokines \[[@R45]\].

TSPO MEDIATED APOPTOSIS INFLUENCE ON AGING AND NEURODEGENERATIVE DISEASES
=========================================================================

Normal brain tissue contains TSPO in the olfactory bulb, the choroid plexus, and the glial cells at low levels. Aging and neurodegenerative brains, such as brains from patients with AD and Parkinson's disease showed an increased expression of TSPO \[[@R31],[@R38],[@R54]-[@R56]\], indicating it as a potential culprit for increased apoptosis. AD patients have dementia caused by neuronal dysfunction/loss due to beta amyloid plaques and neurofibrillary tangles and inflammation.

TSPO-MEDIATED APOPTOSIS INFLUENCE ON AGING
==========================================

Since TSPO mediates apoptosis, its inhibition leads to prolonged cell survival and may improve some of the functions related to cell loss in the aging process. The role of TSPO in cell death and aging was examined by Lin *et al*., in Drosophila. Drosophila 3rd-instar larval tissues were exposed to gamma-rays at 30 Gray to induce apoptosis and after 3 hours, wing disc cells from TSPO-inactivated (TSPO-/-) and TSPO-knockdown flies showed less apoptosis compared to TSPO wild-type flies. Similarly, cells isolated from 3rd-instar TSPO-/- larval brains exposed to H~2~O~2~, which induces oxidative stress, demonstrated significant suppression of apoptosis when compared to TSPO wild-type cells from male and female flies, indicating that TSPO plays a key role in the induction of apoptosis. Furthermore, the authors studied the effect of TSPO deletion or TSPO knockdown on the life span of the fly. Interestingly, increased life span was observed only in male TSPO-/- or TSPO knockdown or TSPO depletion Drosophila flies. When these flies were exposed to stress, such as H~2~O~2~, male TSPO-/- flies had longer lifespans than wild-type flies, while no differences were found between the groups in female flies. Additionally, it was found that TSPO ligands, PK11195 (at moderate concentrations) and Ro5-4864, inhibited TSPO and increased the lifespan in male flies \[[@R57]\].

TSPO IN NEURODEGENERATIVE DISEASES
==================================

In positron emission tomography (PET) studies, adult human brains showed increased uptake of the ^11^C-\[R\]-PK11195 ligand, which specifically binds to TSPO, when compared to the brains of children \[[@R54]\]. PK11195 can be used as an imaging agent by labeling it to map the inflamed areas of brain. It also exhibits agonistic and antagonistic actions based on its concentration, the cell type, and the environment \[[@R58]-[@R60]\]. Brains of patients with neurodegenerative diseases such as AD also showed increased uptake of another ligand, \[^11^C\]vinpocetine, in diseased regions, thus, TSPO may also be used as a target to inhibit AD \[[@R55]\].

A reduction of TSPO in the brains of Drosophila flies expressing beta amyloid 42 (Aβ42), a biomarker for AD, caused a restoration from shortened life span to a normal lifespan in the flies due to decreased caspase 3 and 7 activity and decreased apoptosis \[[@R57]\]. In studies by Barron *et al*., improvements in AD symptoms were observed in the 3xTgAD mouse model of AD when treated with R05-4864, which binds with high affinity to TSPO \[[@R44]\]. R05-4864 can have both apoptotic and antiapoptotic effects depending on its concentration and the context (type of cells) \[[@R39],[@R60]\]. In this case, treatment-induced Aβ42 clearance and decreased inflammatory markers involved in microglial and astrocyte activity were observed, including ionized calcium-binding adaptor molecule-1 (Iba1) or glial fibrillary acidic protein (GFAP), indicating decreased inflammation. Furthermore, the levels of steroidal hormones such as testosterone and progesterone were increased with the treatment. It can be speculated that these steroidal hormones and inhibition of inflammation are mediating the beneficial anxiolytic and cognitive effects \[[@R31],[@R44]\]. These cumulative actions mediated by TSPO can positively effect neuronal survival. However, the 3xTgAD mouse model does not show significant cell loss, so further studies in different cell culture and AD mouse models need to be conducted to determine the effect on survival \[[@R61]\]. Additionally, neurosteroids can inhibit inflammation and cell death, which has been shown in several studies and described in reference \[[@R45]\]. Translational relevance of these studies can be highlighted by increased behavioral alertness, including improved attention and memory as well as decreased anxiety, measured through elevated plus maze and Y maze tests \[[@R44]\]. Several studies have documented elevated expression of TSPO in activated microglia, and TSPO ligand PK11195, can inhibit inflammation by decreasing microglial activation and the release of proinflammatory factors such as cytokines, as well as inhibiting apoptosis \[[@R62],[@R63]\]. Studies by Bin *et al.*, revealed that inflamed microglia with TSPO combined with inflamed astrocytes without TSPO is a marker of neuronal loss and irreversible damage. Whereas microglia with low TSPO combined with inflamed astrocytes with high TSPO is a marker of reversible neuron injury \[[@R64]\]. However, further studies are needed to delineate the consequences of expression levels on neuronal survival and death. These results indicate that either modulating or inhibiting TSPO can provide an anti-inflammatory/antiapoptotic effect and improve some functional aspects of brain. However, as explained before, aging and neurodegenerative diseases are the combination of genetics, diet, and environmental factors, so combinations with other interventions can be useful to modulate the process and is discussed in the summary.

SUMMARY
=======

Aging is a systematic deterioration of the human body due to cell death and cell damage caused by exposure to several stress/risk factors throughout life, and it drastically affects the quality of life. Additionally, in neurodegenerative diseases, brain deterioration patterns are similar to aging pathology, so limiting the risk factors through early intervention and inhibition/modulation of apoptosis can potentially prevent/delay aging and/or neurodegenerative diseases. Some of the risks for developing disease can be mitigated by modifying life style, such as restricting calorie intake, preventing exposure to heavy metals, and supplementing with antioxidant agents might inhibit oxidative stress and correct methylation, thereby delaying the aging process and altering/preventing the course of neurodegenerative disease. Modulation/Inhibition of cell death can be a useful tool to slow down the aging process and the progression of neurodegenerative diseases, and TSPO appears to be a promising target (Fig. **[3](#F3){ref-type="fig"}**). Several small molecules that affect neurological disorders have been described in references \[[@R38],[@R60]\]. TSPO is present in the mitochondrial membrane and functions by forming mPTPs and oxidizing cardiolipin, thereby regulating Cyt c release. In addition TSPO is involved in the neurosteroid synthesis, which can inhibit inflammation and decrease Ca^2+^ elevation, Cyt c release, and cell death. In aging and neurodegenerative diseases, permeability and cardiolipin oxidation is augmented, possibly due to overexpression of TSPO, leading to increased TSPO-mediated apoptosis. These observations indicate that TSPO is inducing apoptosis of damaged cells. However, this may not be beneficial in this case as it leads to excessive loss of neuronal cells and thereby to the functional decline and decreased life span of the affected individuals. Experiments by Lin *et al*., have provided encouraging results showing an increased cell survival rate and increased life span in Drosophila flies, and Barron *et al*., have observed decreased inflammation, as well as improved behavioral symptoms, in AD mouse models by inhibition and modulation of TSPO. It could be speculated that inhibition of inflammation/apoptosis may help cells regain homeostasis and perform some of the cell loss related functions, so it is important to evaluate the mechanisms of the TSPO ligands with appropriate controls, and also study the effects on the entire organism.

TSPO ligands are used for wide variety of applications such as neuroimaging agents, psychiatric disorders, brain tumors, neuroinflammation, brain damage, and peripheral nervous system lesions \[[@R38]\]. PK11195 and Ro5-4864 are considered to be prototype compounds and several classes of compounds have been developed such as benzodiazepine derivatives, aryloxyanilide derivatives and isoquinoline carboxamide derivatives \[[@R65]\]. Considerations that are applied to develop imaging agents that target TSPO should also be applied to developing TSPO ligands \[[@R66]\]. The molecules that target TSPO should enter the brain and must show optimal retention, affinity and selectivity towards TSPO with safe pharmakokinetics profile with minimal side effects. Based on the ligand affinity, the action of the compounds and their effect on TSPO would change, so careful delineation of particular ligand binding affinity and site, as well as any conformational changes of the protein need to be elucidated to decrease the toxicity and increase the specificity of the compounds before applying them in the clinical setting. Some ligands such as Alpidem showed liver toxicity, so future compounds must be developed to minimize these side effects. TSPO expression is observed in normal neuronal tissues, so the effects of acute administration and long-term administration can be studied \[[@R38]\]. Inhibition and modulation of TSPO can lead to unexpected effects in the organism as it involved in multiple signaling pathways, so careful studies in different control systems should be performed to learn the effect on the entire system. Even though studies are present on both healthy and diseased brain, more studies on TSPO expression and differences in mechanism of action with inclusion of other factors in healthy and diseased brains are still needed in order to increase the potential of developing a successful drug. Since TSPO ligands can be used to affect different pathways in different stages of disease, it may be possible to use them in combination with other agents for neurodegenerative diseases, which have multiple etiologies. As explained above, aging and AD are complex processes with involvement of multiple causative factors, so the combination of different strategies needs to be applied. Based on evidence from published studies, we can conclude that early prevention with lifestyle changes and TSPO can be used as a potential target to inhibit or modulate cellular damage/apoptosis, thereby slowing the aging process, as well as the progression of neurodegenerative diseases.
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![**Schematic representation of steps involved in apoptosis.** Aging and AD disturbs the Ca^2+^ homeostasis, increases ROS and decreases neurosteroids and the release of Cyt c through TSPO, which then activates caspases. (A) Caspases inhibits several substrates such as poly (ADP-ribose) polymerase (PARP), protein kinase Cδ, retinoblastoma, and degrades lamin leading to inhibition of DNA repair, inhibition of cell cycle progression and nuclear condensation. Activates several other substrates such as gelsolin, MEK kinase 1 (MEKK1) leading to F-actin depolymerization, DNA fragmentation, cytoskeleton organization and plasma membrane blebbing. **(B)** These actions leading to morphological changes and expression/excretion of different signaling molecules such as fractaline, lysophosphatidylcholine (LPC), sphingosine- 1-phosphate (SIP), adenosine triphosphate (ATP)/uridine triphosphate (UTP). These molecules recruit macrophages by binding to receptors on the macrophages CX3CR1, G-protein-coupled receptors G2A, SIP-R1/5, P2Y2. (C) Recruited phagocytes recognize molecules expressed on apoptotic cells such as thrombospondin, complement C1q, intracellular adhesion molecule 3 (ICAM3), phospholipid phosphatidylserine (PtdSer). Then phagocytes bind them through their receptors cluster of differentiation 36 (CD36), low density lipoprotein receptor related protein 1 (LRP 1), cluster of differentiation 14 (CD14), Tyro-3-Axl-Mer family of receptors (TAM receptors). Then the cells are then engulfed and digested them by the phagocytes. Alzheimer's disease (AD), amyloid beta (Aβ), apoptotic protease activating factor 1 (Apaf 1), calcium^2+^ (Ca^2+^), cytochrome c (Cyt c), membrane permeability transition pore (mPTP), reactive oxygen species (ROS), translocator protein (TSPO).](CAS-7-168_F1){#F1}

![**Mechanisms involved in release of cytochrome** c. A) Release of Cyt c through mPTP: TSPO forms a pore with VDAC, ANT and CypD and releases Cyt c. B) Release of Cyt c through CL oxidation: TSPO oxidizes cardiolipin through ROS, that causes dissociation of Cyt c, which is then released through the TSPO and VDAC pore. C) TSPO Neurosteroidogenesis: TSPO increases neurosteroidgenesis by transporting cholesterol into the mitochondria. Increased neurosteroids inhibits release of Cyt c. ATP-ADP translocase (ANT), calcium^2+^ (Ca^2+^), cardiolipin (CL), cyclophilin D (CypD), cytochrome c (Cyt c), cytochrome P450 enzyme CYP11A1 (CYP11A1), membrane permeability transition pore (mPTP), peripheral-type benzodiazepine receptor (PBR)-associated protein 7 (PAP7), protein kinase A (PKA), PKA-RIalpha (PKARIα), reactive oxygen species (ROS), steroidogenic acute regulatory protein (StAR), translocator protein (TSPO), voltage-dependent anion channels (VDAC), water (H~2+~O).](CAS-7-168_F2){#F2}

![**TSPO as a potential drug target:** TSPO inhibition can delay the aging progression through inhibition of apoptosis, and its modulation can delay AD disease by decreasing inflammation and increasing neurosteroids. Antioxidant supplementation, calorie restriction, exercise and reduction in exposure to heavy metals delay aging/AD. Alzheimer\'s disease (AD), membrane permeability transition pore (mPTP), reactive oxygen species (ROS), translocator protein (TSPO).](CAS-7-168_F3){#F3}
